weeks, the majority of the protrusions exhibit mature the EphB2 receptor tyrosine kinase phosphorylates spine morphologies. Our recent work using this system syndecan-2 and that this phosphorylation event is cruhas revealed a role of the cell surface proteoglycan cial for syndecan-2 clustering and spine formation. tion of syndecan-2 is the crucial upstream event that
leads to dendritic spine formation (Ethell and Yamacan-2 in cultured hippocampal neurons. Double-immunolabeling of EphB2 and syndecan-2 revealed that both guchi, 1999). This premise then suggests that tyrosine kinase(s) present in dendritic spines play a role in spine molecules are distributed primarily as discrete puncta along dendrites ( Figure 1D ). The puncta of EphB2 and formation by phosphorylating syndecan-2.
The Eph family is a large family of receptor tyrosine syndecan-2 showed significant colocalization. Second, we examined if EphB2 physically associates with syndekinases (Pasquale, 1997; Flanagan and Vanderhaeghen, 1998) . Upon stimulation by ephrin ligands, Eph receptors can-2 in hippocampal neurons. By probing syndecan-2 immunoprecipitates with an anti-EphB2 antibody, we activate signaling cascades in various biological systems. While Eph receptors have been studied primarily found that EphB2 was coimmunoprecipitated with transfected FLAG-syndecan-2 from cultured hippocampal in the context of axon guidance during development, there have been suggestions that they may play some neurons ( Figure 1A , top panel). Moreover, coimmunoprecipitation of syndecan-2 and EphB2 was demonroles in synapses in the adult brain . We speculated that Eph receptors are the kinases strated for the endogenous molecules in adult mouse synaptosome: EphB2 was immunoprecipitated with antiinvolved in the syndecan-2-induced spine formation for several reasons. 
, 1999). These observations led us to investigate the possibility that Eph receptors are involved
EphB2 Phosphorylates Syndecan-2 at Y189 in syndecan-2 phosphorylation during dendritic spine and Y201 formation.
To investigate the role of EphB2 in syndecan-2 phosIn this paper, we demonstrate that EphB2 is a crucial phorylation, EphB2-dependent syndecan-2 phosphorytyrosine kinase that phosphorylates syndecan-2 during lation was examined by an in vitro kinase assay and an dendritic spine formation. Furthermore, we demonstrate in vivo assay using transfected 293 cells. In the in vitro that inhibition of endogenous EphB receptor activities kinase assay, both chick embryo-derived EphB2 and by dominant-negative EphB2 blocks endogenous synthe recombinant EphB2 kinase domain phosphorylated decan-2 clustering and normal spine formation. These a synthetic syndecan-2 cytoplasmic peptide ( Figure 2A ). results demonstrate a physiological role for EphB2/synIn the in vivo assay with 293 cells, which do not express decan-2 signaling in dendritic spine morphogenesis. Our endogenous EphB2 (E.B.P., unpublished data), tyrosine findings provide a basis for the role of cell surface ligandphosphorylation of syndecan-2 was detected when the receptor interactions in spine morphogenesis and sugcells were transfected with EphB2 ( Figure 2C , second gest that the signaling cascade leading to the formation lane). A syndecan-2 mutant lacking the C-terminal EFYA of mature spines is triggered by the activation of Eph tail (syn2⌬EFYA) was also phosphorylated by EphB2 receptors by their extracellular ligands.
( Figure 2C , third lane). We performed MALDI-TOF (matrix-assisted laser deResults sorption time-of-flight) mass spectrometry analysis to identify the tyrosine residues that are phosphorylated Syndecan-2 Is Tyrosine Phosphorylated in Neurons by EphB2. Using the in vitro phosphorylated peptide, We first examined whether syndecan-2 is tyrosine phoswe detected phosphorylation of Y189 and Y201, but not phorylated in neurons. In cultured hippocampal neurons, of Y210 ( Figure 2Ba ; Table 1 ). Using full-length syndetransfected FLAG-syndecan-2 was recognized by PY20 can-2 isolated from 293 cells, we detected a similar anti-phosphotyrosine antibody ( Figure 1A, middle panel) . tyrosine phosphorylation pattern: phosphorylation at Furthermore, we found that syndecan-2 is also tyrosine Y189 and Y201, but not at Y210 (Figure 2Bb ; Table 1 ). phosphorylated in vivo: endogenous syndecan-2 immuThese results suggest that Y189 and Y201 are the prenoprecipitated from mouse brain extracts was recogdominant phosphorylation sites on syndecan-2. Alnized by anti-phosphotyrosine antibody ( Figure 1B , upthough phosphorylation of Y210 was not detected in per panel). These results demonstrate that syndecan-2 either analysis, this result does not rule out Y210 as a is phosphorylated in neurons by endogenous tyrosine potential phosphorylation site, because not all peptides kinase(s).
are ionized with the same efficiency during the MALDI-TOF process. These results demonstrate that syndecan-2 is phosEphB2 Colocalizes and Forms a Complex with Syndecan-2 in Hippocampal Neurons phorylated downstream of EphB2. However, phosphorylation assays, especially in vitro assays using synthetic Like syndecan-2, EphB2 has been shown to be concentrated in dendritic spines (Buchert et al., 1999 ). This peptides, may result in nonspecific phosphorylation that is independent of peptide sequence. Thus, to further desuggests that EphB2 is a likely candidate as the tyrosine kinase that phosphorylates syndecan-2 in dendritic fine the specificity of phosphorylation at Y189 and Y201, we examined the extent of tyrosine phosphorylation of spines. Thus, we performed two experiments to examine whether EphB2 is present in the vicinity of syndecan-2.
syndecan-2 mutants lacking Y189, Y201, or both ( Figure  2D ). Syndecan-2 mutants containing a point mutation at First, we examined the distribution of EphB2 and synde- ; fifth lane). Thus, coprecipitation with point mutants (see Figure 2D ), these results indicate that the association between EphB2 and syndecan-2 requires EphB2 correlates well with the "phosphorylatability" of syndecan-2: i.e., the syndecan-2 that cannot be tyrosineactivation of EphB2 and EphB2-dependent tyrosine phosphorylation of at least one of the two tyrosines, phosphorylated does not coprecipitate with EphB2, whereas the syndecan-2 that can be phosphorylated Y189 or Y201, in the syndecan-2 cytoplasmic domain. at least on one of the two phosphorylation sites does coprecipitate. These results indicate that the associaTyrosine Phosphorylation at Y189 and Y201 Is Required for Syndecan-2 Clustering and Syndecantion between EphB2 and syndecan-2 requires tyrosine phosphorylation of at least one of the two tyrosine resi-
2-Induced Dendritic Spine Formation
To define the biological significance of phosphorylation dues, Y189 or Y201.
We also examined whether the interaction of syndeat Y189 and Y201, we transfected the syndecan-2 tyro- In addition to these tyrosine mutants, we also examined mutation of S197 and S198, the two serine residues that these mutants had stubby or mushroom-like shapes (Figures 4B and 4C) . Quantitatively, these neurons had were previously shown to be phosphorylated in vitro (Oh et al., 1997). A syndecan-2 mutant with both these serine predominantly short, homogenous dendritic protrusions, as seen in control neurons ( Figures 4B and 4C , residues mutagenized to alanine residues (syn2 S197A/S198A ) showed normal clustering and spine formation as seen or irregular shapes along dendrites (Figure 5Af ). Taken together, these results demonstrate that EphB signaling with wild-type syndecan-2 (data not shown). This suggests that serine phosphorylation does not play a major is functionally required for the physiological spine formation process in cultured hippocampal neurons. role in these processes.
We performed immunocytochemistry to investigate how the blockade of spine formation by kiEphB2 affects EphB Receptor Signaling Is Necessary for the distribution and organization of synapses. In the Syndecan-2 Clustering and Spine Formation control-transfected neurons, most of the presynaptic To investigate whether EphB receptor signaling is escontacts (identified as synaptophysin-immunoreactive sential for syndecan-2 clustering and syndecan-2-puncta) were formed on spines (Figures 5Da and 5Fa) . induced spine formation, we used a kinase-inactive
In the kiEphB2-transfected neurons, the density of synEphB2 mutant (kiEphB2; Zisch et al., 2000) , which would aptophysin puncta decreased significantly (21.0 Ϯ 3.2 act as a dominant-negative inhibitor for endogenous [mean Ϯ 1 SD] puncta per 50 l of dendrite in kiEphB2-EphB receptors. When kiEphB2 was cotransfected with transfected neurons versus 48.7 Ϯ 6.0 in control-transsyndecan-2, syndecan-2 clustering was greatly supfected neurons; see also Figure 5G ). Interestingly, most pressed ( Figure 4E, right panel) . Although some clusters of the remaining puncta were directly on dendritic were occasionally observed, the strong inhibitory effect shafts, rather than filopodia (Figures 5Dc, 5Fb, and 5G ). of kiEphB2 indicates that EphB2 (and possibly other Few synaptophysin puncta were found on the filopodiakinases of the EphB family) is the predominant tyrosine like protrusions. Localization of AMPA receptors in postkinase involved in syndecan-2 phosphorylation and synaptic sites was also affected by kiEphB2. In the conclustering in neurons. The low level of syndecan-2 clustrol neurons, numerous GluR2-immunoreactive clusters tering observed in the kiEphB2 transfected neurons may were observed along dendrites, many of which were either be due to incomplete inhibition of endogenous colocalized with spine heads (Figures 5Ea and 5Fc) .
EphB receptors or to phosphorylation by other tyrosine
In the kiEphB2-transfected neurons, the overall GluR2 kinases. Syndecan-2-induced spine formation was also immunoreactivity was greatly reduced (3.7 Ϯ 1.
[mean inhibited by kiEphB2. More importantly, dendritic protru-Ϯ 1 SD] clusters per 50 l of dendrite in kiEphB2-transsions in kiEphB2-transfected neurons were morphologifected neurons versus 40.8 Ϯ 4.in control-transfected cally immature ones similar to those seen in control neuron). Few GluR2-immunoreactive clusters were detransfectants (Figure 4E, left and middle panels), despite tected on either filopodia or dendritic shafts (Figure 5Fd). the expression of cotransfected syndecan-2. Thus, perThus, these results demonstrate that perturbation of turbation of EphB signaling has inhibitory effects on both
EphB signaling affects not only spine morphology but syndecan-2 clustering and syndecan-2-induced spine also the formation or maintenance of synapses on formation. In contrast, a totally different effect was obspines. served in neurons transfected with wild-type EphB2 and syndecan-2 ( Figure 4F ). These neurons exhibited short, bulbous protrusions or membrane blebs, some of which Discussion appeared to be fused together. Syndecan-2 clusters in these neurons were larger than those in syndecan-2-The molecular mechanism of dendritic spine morphogenesis has been the subject of intensive research betransfected neurons. Taken together, these results demonstrate that EphB signaling is required for syndecan-2 cause of its suggested role in long-term memory. Eph receptors and their ephrin ligands were originally identiclustering and syndecan-2-induced spine formation in early (8 DIV) hippocampal neurons. fied as molecules involved in axon guidance and have been studied primarily in developmental contexts (FlanTo further define the physiological significance of EphB/syndecan-2 signaling in spine formation, we exagan and Vanderhaeghen, 1998). Little is known about the function of Eph receptors in the adult brain, where amined whether inhibition of endogenous EphB receptor activities in mature 2-to 3-week-old neurons blocks they are expressed at significant levels. Their role in the postsynaptic specialization, however, was not entirely endogenous syndecan-2 clustering and spine formation. based on our present results and previous reports. First, an unknown extracellular signal activates EphB2 on denImportantly, we found an exact correlation between the clustering/spine-inducing activity of the mutants and drites ( Figure 6A ). It is likely that this signal involves B-ephrins, although we currently do not have experitheir phosphorylatability. These results indicate that phosphorylation at Y189 and Y201 indeed occurs in neumental evidence for that. The activated EphB2 phosphorylates syndecan-2 at Y189 and Y201 ( Figure 6B ). rons and is functionally important for spine formation.
While we had predicted that syndecan-2 would be Phosphorylation at these tyrosines induces multimerization and clustering of syndecan-2 ( Figure 6C ). Phosphorphosphorylated in neurons, it was not anticipated that EphB2 associates with syndecan-2. This suggests a poylated syndecan-2 also acquires the ability to associate with EphB2, although the mode of this interaction, tential feed-forward signaling mechanism between EphB2 and syndecan-2. Syndecans have the propensity whether direct or indirect, is not known. Syndecan-2, which now forms multimeric clusters on the presumptive to multimerize and form clusters in specific cell surface membrane microdomains, such as focal adhesions and dendritic spines, recruits cytoplasmic proteins, such as CASK, syntenin, and synbindin, through the interaction other cell-cell and cell-matrix adhesion sites (Woods and Couchman, 1994) Figures 4A-4D) , hippocampal neurons were cotransfected with vari-
